Recent experiments show that, when a two-phase fluid confined between parallel substrates is subject to an electric field, one phase can self-assemble into a triangular lattice of islands in another phase. We describe a theory of the stability of the island lattice. It is well known that the total interface energy reduces when the island diameter increases. We show that, under certain conditions, the electrostatic free energy reduces when the island diameter decreases. The islands select the equilibrium diameter to minimize the combined interface energy and electrostatic energy. We describe the conditions for electrostatic field to stabilize the island lattice, and analyze an idealized model. The theory suggests considerable experimental control over stable island size.
Chou and co-workers recently discovered a process in which a flat film self-assembled into a periodic array of islands.
1,2 They first deposited a thin polymer film on a substrate, then placed another substrate ͑to be called the ceiling here͒ above the film, with a small air gap fixed by a spacer. When the system was heated in a uniform temperature field, the polymer flowed and broke into islands. The islands rose to bridge the substrate and the ceiling, formed a twodimensional triangular lattice, and were fixed after cooling to room temperature. Image charges were implicated for driving the process. In a subsequent work, Schaffer et al. 3 reported that only when a voltage was applied across the polymer melt did it break into islands. Islands reported so far have diameters of a few micrometers.
The process offers guided self-assembly. For the islands to form a periodic lattice, neither the substrate nor the ceiling needed to be patterned. However, when the ceiling height was patterned at a coarse scale by using lithography, the height pattern influenced the fine scale island pattern selfassembled by internal forces; the process was named ''lithographically induced self-assembly'' ͑LISA͒.
1,2 One can envision extensions of the process. If the polymer wets preferentially to one of the two substrates, and breaks only under an external voltage, the polymer may flow back to a flat film upon reheating without voltage. The process thus offers erasable self-assembly. In principle, the electrodes can also be patterned and addressed at a coarse scale. After an island pattern has formed, upon reheating subject to a new voltage pattern, a different island pattern can form. Furthermore, both heat and voltage can be supplied by an array of atomic force microscope tips, similar to a data storage method developed recently. 4 The process thus offers programmable self-assembly. The air gap between the polymer film and the ceiling can be replaced by another polymer. The two polymers are immiscible, and may flow into an ordered pattern subject to a voltage. Using lithography, one can fabricate a multicellular body with polymers and electrodes, and then switch on fine scale patterns within each cell. The process thus offers three-dimensional self-assembly.
Technological possibilities aside, LISA poses scientific questions even when the electrodes are flat and unpatterned. Why does the film break into islands? Why do islands have a uniform size? How small can the islands be? Why do islands order into a lattice? Can the process be used for materials other than polymers?
Hitherto only the first question has a clear answer. This has to do with the instability of a flat interface between two insulators, or between a conductor and an insulator, subject to an electric field normal to the interface. 5 Even if no external voltage is applied, the contact potential between dissimilar materials can generate significant electric field over a small gap. 6 The instability is usually understood in terms of a linear perturbation analysis, but can also be understood in terms of energetics, as follows. Consider a two-phase fluid lying between parallel electrodes under a constant voltage. For the time being, the two phases are perfect dielectrics with different permittivities. They can flow and change the configuration to reduce the combined interface energy and electrostatic energy. Figure 1 illustrates two configurations of the mixture: lamellar and columnar. In the lamellar configuration, with any vertical arrangement, the electric displacement is uniform in the two phases. In the columnar configuration, with any lateral arrangement, the electric field is uniform in the two phases. All lamellar configurations have the same electrostatic free energy, which is the highest a͒ Electronic mail: suo@princeton.edu among all configurations of the mixture. All columnar configurations have the same electrostatic free energy, which is the lowest among all configurations of the mixture. Consequently, the voltage drives the fluid to flow from a lamellar to a columnar configuration, at a cost of adding some interface energy. The instability has been demonstrated in various systems. 7 The instability, however, does not set a stable, uniform island size. Focus on the process in the columnar configuration, in which the two phases can change configuration by lateral flow. When the lateral feature size increases, the total interface energy reduces, but the electrostatic energy remains constant. Consequently, to reduce the combined energy, the binary fluid flows to coarsen. Some islands grow at the expense of others; time permitting, one single island will form. No stable, uniform island size is expected.
To form stable, uniform islands, the theory needs more ingredients. In essence, an electrostatic field must be made to drive phase refining, overcoming the coarsening driven by interface energy. This refining action can be acquired as follows. One phase may be a leaky dielectric 8 containing mobile charges, either ionic or electronic, and the other phase may still be a perfect dielectric, or a dissimilar leaky dielectric ͑Fig. 2͒. To sustain a large voltage without electrolysis or excessive electric current, one may coat the two electrodes with solid insulators. When a voltage is applied between the electrodes, space charges of opposite signs pile up at junctions. The equilibrium distribution of the space change is governed by the Poisson-Boltzmann equation. 9, 10 Each junction now acquires a diffused dipole. The dipoles interact through the intervening dielectrics, driving phase refining.
The density of the mobile charges in the leaky dielectrics must be controlled. In one limit, when the mobile charge density is so high that the Debye length approaches the atomic dimension, the binary fluid reaches the lowest electrostatic energy configuration when the conducting phase covers both the substrate and the ceiling, and forms bridges connecting them, leaving the insulating phase to carry no electric field. In this limit, islands are unstable.
We now analyze another limit, when the mobile charge density in the binary fluid is so low that both phases can be modeled as perfect dielectrics ͑Fig. 3͒. The general case of leaky dielectrics will be considered elsewhere. The substrate is coated with a solid dielectric of permittivity and thickness b. A binary dielectric fluid of permittivities 1 and 2 lies between the coated substrate and the ceiling. The electrodes are perfect conductors, separated by distance s, and subject to voltage V. The presence of the solid dielectric coating is significant. Unlike the structures in Fig. 1 , in the structure in Fig. 3 , neither electric field nor electric displacement is uniform, and the electrostatic energy does change when the binary fluid changes configuration.
Under a constant voltage, the average electrostatic free energy ͑i.e., the total electrostatic free energy in the system divided by the volume occupied by all three dielectrics͒ is
where is the effective permittivity. Subject to a constant voltage, the more permeable a configuration is, the lower the electrostatic free energy it contains. Assume that phase 1 forms a periodic lattice of cylindrical islands, each with diameter d. The effective permittivity takes the dimensionless form
where Bϭb/s, and C is the volume fraction of phase 1 in the binary mixture. Analytic expressions are available at two limits: needles (d/sӶ1) and diskettes (d/sӷ1). For needles, phase 1 and 2 in parallel form a capacitor, and the coating forms another capacitor. The two capacitors then combine in series, giving the effective permittivity
.
͑3͒
For diskettes, phase 1 and the coating in series form a capacitor, and phase 2 and the coating in series form another capacitor. The two capacitors then combine in parallel, giving the effective permittivity
͑4͒
The needle configuration is more permeable than the diskette configuration, needle у diskette . ͑The equality holds for trivial cases: Bϭ0, Bϭ1, Cϭ0, Cϭ1, or 1 ϭ 2 .͒ When the binary fluid has a large dielectric contrast ͑ 1 /ϭϱ and 2 /ϭ0͒, needle ϭ/B and diskette ϭC/B.
To deal with intermediate island diameters, we analyze an axisymmetric model. Say the islands form a triangular lattice. A unit cell is a hexagonal prism containing a single cylindrical island. We model the hexagon by a cylinder of 
spacing between the neighboring islands. The electrostatic energy stored in an axisymmetric cell should not differ too much from that in a prismatic cell. The bottom and the top surfaces of the cylinder are prescribed with electric potential V and 0, respectively. The outer surface of the cylinder has zero radial electric displacement. We use a commercial finite element code, ABAQUS, to calculate the electric field, and then integrate the electric displacement at the bottom of the cylinder surface. Figure 3 shows the calculated effective permittivity as a function of the island diameter. The function decreases monotonically, approaching the analytic values at the two limits. As anticipated, the electrostatic free energy reduces when the island diameter decreases. That is, the voltage drives phase refining.
In the idealized model, the edge of the islands are taken to be vertical. Of all interfaces, only the one between phase 1 and 2 changes area when the islands change diameter. The interface energy divided by the total volume occupied by the three dielectrics is
where ␥ is the tension of the interface between phase 1 and 2. The total interface energy reduces when the island diameter increases. That is, the interface energy drives phase coarsening. The combined energy, GϭG i ϩG e , takes the dimensionless form
The dimensionless parameter ϭ(V 2 )/(s␥) measures the relative importance of the electrostatic energy and the surface energy. Using representative values for various quantities, we estimate that the parameter falls in the range ϭ0.1-100. Figure 4 plots the combined energy as a function of the island diameter. When is small, the interface energy prevails, and the combined energy decreases monotonically as the island diameter increases, so that the islands coarsen indefinitely. When is large, the combined energy reaches a minimum, selecting an equilibrium island diameter. The larger the value of , the more significant the effect of voltage, and the smaller the stable islands.
The voltage is limited by the breakdown field E B of one of the phases, so that ϳE B 2 s/␥. To stabilize small islands, one should choose binary dielectrics of large permittivities, high breakdown fields, and small interface tension. In particular, the polymer-polymer interface tension can easily be one order of magnitude smaller than air-polymer interface tension. The equilibrium island diameter also depends on various ratios entering Eq. ͑2͒, as well as the density of mobile charges. These effects will be reported elsewhere. No fundamental barrier seems to exist to prevent the stable island diameter from lowering by at least one order of magnitude from the experimental values reported in Refs. 1-3. Islands reported so far are of higher dielectric constant of the two phases, the other phase being air. The theory can also be used to explore whether islands of lower dielectric constant can form, or alternating stripes of the two phases can form. Furthermore, in a similar spirit, we have developed a theory on stabilizing semiconductor islands using elastic energy, referred to as the height constrained Stranski-Krastanov growth. 11 We anxiously await quantitative experiments suggested by the theory.
